The construction of tunnels and underground engineering in China has developed rapidly in recent years in both the number and the length of tunnels. However, with the development of tunnel construction technology, risk assessment of the tunnels has become increasingly important. Water inrush is one of the most important causes of engineering accidents worldwide, resulting in considerable economic and environmental losses. Accordingly, water inrush prediction is important for ensuring the safety of tunnel construction. Therefore, in this study, we constructed a three-dimensional discrete network fracture model using the Monte Carlo method first with the basic data from the engineering geological map of the Longmen Mountain area, the location of the Longmen Mountain tunnel. Subsequently, we transformed the discrete fracture networks into a pipe network model. Next, the DEM of the study area was analysed and a submerged analysis was conducted to determine the water storage area. Finally, we attempted to predict the water inrush along the Longmen Mountain tunnel based on the Darcy flow equation. Based on the contrast of water inrush between the proposed approach, groundwater dynamics and precipitation infiltration method, we conclude the following: the water inflow determined using the groundwater dynamics simulation results are basically consistent with those in the D2K91+020 to D2K110+150 mileage. Specifically, in the D2K91+020 to D2K94+060, D2K96+440 to D2K98+100 and other sections of the tunnel, the simulated and measured results are in close agreement and show that this method is effective. In general, we can predict the water inflow in the area of the Longmen Mountain tunnel based on the existing fracture joint parameters and the hydrogeological data of the Longmen Mountain area, providing a water inrush simulation and guiding the tunnel excavation and construction stages.
Introduction
In the process of tunnel construction, the primary problem to be considered is construction safety. A variety of natural disasters can occur during tunnel construction [1, 2] . The water inrush is one of the primary concern problems that a large number of hazards of water inrush have occurred during the construction of tunnel at home and abroad and has caused serious economic losses, project delays, environmental destruction and other problems [3] [4] [5] [6] . Therefore, the risk assessment and control of water inrush have become the key technical concerns in tunnel construction. The prediction of water inrush in tunnel can take two forms: prediction before excavation or predicting the process during tunnel excavation. They are the risk assessment at different stage of tunnel construction. The former is the foundation of the latter prediction research. So the prediction before excavation is very important for the risk analysis of water inrush. The direction and quantity of water in the tunnel site is the main factor for the water inrush evaluation. So the present article through the direc-tion of water flow and the quantity of water to predict the water inrush risk before tunnel excavation. The experience analytical method such as the water balance method and the groundwater dynamics method, is the most commonly used method for the prediction of the water inflow in the tunnel before excavation [7] . The results obtained from the experience analytical method through taking the regional geological parameters and the hydrogeological parameters into empirical formulas and take the tunnel site area as a whole to study. But it is hard to determine the exact distribution of the water flow and the quantity of water by the above method. As we all know, most of accidents of the water inrush occurred in areas such as faults, joints and fissures. In order to predict the water inrush disaster more accurately, the present article attempt to construct a fracture network in the area of regional fault and joint surface. Then through the change of water flow in fracture we can predict where is the most likely area that the water inrush occurs.
In the study of simulating the water inrush by discrete fracture networks, the primary problem is how to construct the fracture network. To establish a reasonable fracture network, we first need to determine a three-dimensional fracture network model. With the on-going efforts of international scholars, the disk fracture network model [8] , the polygonal fracture network model [9] and the circular pipe model [10] have been proposed in the past few years. AӔer the fracture network model is constructed, then we should use the fracture networks model to simulate fracture distribution of the tunnel site. The Monte Carlo [11] [12] [13] simulation of fracture networks is widely used in the current methods of fracture network simulation. AӔer the discrete fracture networks using the Monte Carlo method are defined, the related research about the calculation of the water inrush from the crack network can begin. Long and Min [14, 15] proposed a method for the seepage flow system and simulation of the fractured rock mass. The solution method for the characterization of the body element REV and the equivalent permeability coefficient and the method for determining the condition of using the equivalent continuum model are presented. The discrete fracture network model is based on the work of Long et al. [14] . Assuming that the permeability of the rock mass is not considered in the rock model. And according to the characteristics that water flow of every node in the fracture network is equal. The network model of the hydraulic head value and the permeability coefficient of the rock mass in the networks are constructed. AӔer the discrete fracture network model is constructed, Min and Wilson [16, 17] has studied the seepage calculation of the two-dimensional fracture network, and a finite element calculation method for a two-dimensional fracture network has been proposed. Noetinger [18] analysed the percolation model for three-dimensional fracture networks and proposed the use of the Darcy flow equation in threedimensional fracture networks. Furthermore, to make the discrete fracture simulation become more efficient in the simulation, Cacas [10] proposed a method in which the crack is replaced with a conduit, thereby reducing the group number required to solve the equation by an order of magnitude. Dershowitz [19] proposed an optimization model that the polygonal fracture network was transformed into an approximate equivalent three-dimensional network consisting of a one-dimensional pipeline. And the water conductivity of the pipeline was deduced using the boundary element method [20] . Outstanding achievements have been made in the theoretical research of rock mass fracture network simulation, network optimization and seepage prediction and it has been applied in some fields. However, the application test case in actual tunnel project is relatively rare. Therefore, it is difficult to determine the degree of agreement between the theoretical analysis and the actual hydrogeological condition of tunnel. There is no comparison with the results obtained from the existing empirical method. And it is difficult to make a scientific evaluation for the practical of these theoretical methods in the tunnel water inrush. In this paper, combined with the previous research results, taking the Longmen Mountain tunnel as the research object, the discrete fracture network is constructed based on the Monte Carlo method. Then, this developed network is transformed into a three-dimensional pipe network model, combined with the Darcy flow equation and the analysis of the submergence. A prediction of water flow direction and water yield along the Longmen Mountain tunnel is made. And the results are compared with the predicted results using the commonly used precipitation infiltration and groundwater dynamics method. According to the water flow and water yield we can evaluate the possibility of water inrush along the tunnel and find out the dangerous place of water inrush.
Project introduction

Project overview
The Longmen Mountain tunnel passes through the Longmen Mountain area in northwestern Sichuan Province and is located at the junction of Mianyang City and the county of the Ngawa Tibetan and Qiang Autonomous Prefecture 
Geological condition
The Longmen Mountain tunnel is located in the wellknown Longmen Mountain structural belt, which is huge has a large-scale and complex structure. The overall trend is 45 degrees northeast with a northwest tendency. The tunnel stretches 500 km and has a width of 25-50 km. From east to west, there are 3 main faults: the former Longmen Mountain fault, the Longmen Mountain fault and the Longmen fault.
The Longmen Mountain tunnel passes through the central fault zone of Longmen Mountain. The central fault of the Longmen Mountain active structure is relatively intact, and aerial images of the linear features reveal a strong and active fault zone. The southwestern portion of the fault originates from the Luding and extends to the North East by Salt-wells, Ying show, Hongkou, Taiping, Beichuan, south of the dam and the Dam of Tea to the Shaanxi territory and the Mianxian-YangPingguan fault intersection, and the full length is 500 km. The overall trend is a 40N-60E fracture degree with a NW tendency and a 60-80 degree angle. The broken rock belt has a width of a few metres and is in the first hundred metres of the fault; the secondary faults are typically developed on both sides of the main faults, which are stacked in such a manner that shows that the extrusion thrusting has a right lateral strike slip property. According to the fracture activity differences and the geometric structure, the Longmen Mountain central fault is divided into four sections: the first is Yingxiu to the south, which is known as the Salt-Dragon fracture and late Pleistocene active segment; next is the Ying show-Nan Ba, which is referred to as the Yingxiu-Beichuan fault and has been active in the Holocene. the third is The Nan Ba to the Tea Ba, which is located in the western part of the Tea Ba-Lin-An temple fault and late Pleistocene active segment; the last one is the Tea Ba-Lin-An temple fault to the east has been active in the Middle Pleistocene. The tunnel cross section is within the Yingxiu-Beichuan fault, which follows the path from the town of Yingxiu in Wenchuan to the town of Mianzhu in Wang Jia Ping to the Qingping town line to the north and east of the counties of Lang Miao, Gao Chuan Xiang, and Beichuan, with a total length of 250 km, and is, throughout the entire Longmen Mountains, a "deep and large fault".
Hydrological conditions
The region of Longmen Mountain tunnel is in a subtropical humid monsoon climate characterized by a mild climate and four distinct seasons. The climate characteristics can be summarized as long winters and summers, little snow and rainfall, and little sunshine, with an annual average sunshine of 980.9 hours, which translates to 22% sunshine hours. The average temperature is 16.3 ∘ C, with a frost-free period of 300.5 days, 1216.7 mm of mean annual evaporation, an annual average relative humidity of 77%. Over the past 34 years, the average annual precipitation has been 1167.87 mm ( Table 1 ). The rainfall is mainly concentrated in 4 months: June, July, August and September ( Figure 2 ). The main water system in the study area includes the Tumen River, the Jinxi Gully and the Ju River, all of which belong to the Fu River system. The Tumen River and its 
Fracture simulation and water inrush prediction
Because the fracture networks cannot be obtained from field measurements, there are difficulties in further studying water flow and water yield. Many researchers have found that although the geometric system of the discrete fracture network system is complex, its distribution characteristic is in accordance with a statistical distribution. Therefore, based on which, domestic and foreign scholars have extensively studied the distribution dynamics of the fracture networks. The basic research idea is to obtain the field structure fracture data then use a large number of experiments to verify these data. By analysing the parameters of the fracture, we have been able to make several conclusions: the crack openings follow a log-normal distribution [10] , the crack length follows a power law distribution [21] , and the fracture attitude follows a Fisher distribution [22] , a Bingham distribution and so on. Based on the premises above, the three-dimensional discrete network model of the Longmen Mountain area was simulated using the Monte Carlo simulation method and was transferred to the network model. Then, a submerged analysis was employed with a surface area DEM, which was used to obtain the water area, and then combined with the Darcy flow equation to predict the water inrush in the tunnel.
Three-dimensional simulation of fracture
In the three-dimensional fracture simulation, the Monte Carlo method, which has been used extensively, was adopted to simulate the discrete fracture networks in three-dimensional. The three-dimensional network simulation of the discrete fracture of the surrounding rock was a complete set of the model system. The system is primarily composed of the geometric features of the discontinuous fracture surface, which is a type of geometric simulation. The system is primarily composed of the fracture surface properties, size, density, spacing, trace length and other simulations of the area of interest. Firstly, we needed to evaluate and analyse the surface fracture outcrop section. Then, the Monte Carlo simulation method was used to simulate the three-dimensional space. AӔer the initial construction of the fracture networks, the discrete fracture network was transformed to a pipe networks model to facilitate the calculation of the seepage value. Then, the water inrush of the Longmen Mountain tunnel was predicted using the submerged analysis and the Darcy flow equation. In short, the Monte Carlo method was used to carry out a three-dimensional simulation, and the analysis of fracture water inrush employed the following several primary steps ( Figure 3 ).
Step 1: Collection and processing the exposed data from the study surface area using photogrammetry, remote sensing and other means of surveying and mapping;
Step 2: Constructing a Monte Carlo simulation model to spatially simulate the location of the crack disk in the study area; Step 3: Reasonably simulating the fracture trace length, spacing, density, yield and so on based on the joint sampling data;
Step 4: Comprehensively constructing a threedimensional model of the discrete fracture network;
Step 5: Transforming the discrete fracture network model into a pipe network model;
Step 6: Introducing the inundation analysis, predicting the results of the water inrush in the Longmen Mountain Tunnel area based on the pipe networks model, and comparing the results with several common, currently used water inrush prediction methods.
According to the above process, first, we must obtain fracture sampling data. To obtain the preliminary fracture data, a certain method is applied. The common joint and fracture data collection method primarily includes endpoint coordinates of the exposed fracture areas, the shape and width of the surface, the filling material and the mechanical properties. To facilitate data collection and management, this paper constructs a local coordinate system. Typically, along the tunnel excavation direction, the midpoint of the lower tunnel starting point surface is the origin of coordinates, the tunnel excavation direction is defined as the horizontal axis, and the wall of the tunnel is set as the vertical axis to construct the local coordinate system (Figure 4) .
A point fracture survey was designed considering above-mentioned joint fracture data. The joint and fracture investigation was carried out in the field. A number of joint and fracture data were collected and recorded in a survey table (Table 2) .
Based on the above data, combined with the algorithm mentioned in this paper, a three-dimensional simu- lation of the discrete fracture network along the Longmen Mountain tunnel was conducted. Twenty-nine mileage segments were defined along the Longmen Mountain tunnel, and 19,990 fracture surfaces were simulated. Finally, the fracture value of the three-dimensional network model was generated using a simulation and is shown in Table 3 .
AӔer construction of the three-dimensional discrete fracture network, a depth-first traversal algorithm [23] was introduced to analyse the connectivity of the fracture network in the Longmen Mountain tunnel. Finally, the discrete fracture network connected path model ( Figure 5 ) was obtained.
Water inrush prediction
The seepage water head
To assess the water inrush in the Longmen Mountain tunnel region, we first need to obtain the distribution of the surface water and groundwater in the area. The surface water is primarily caused by precipitation. However, the surface water does not cover the entire DEM but does cover most of the source water. Therefore, it is necessary, according to the existing water information combined with the presnet situation of the actual surface DEM. The connectivity of the actual surface DEM was analysised by the seed spread algorithm [24] . Finally, we can obtain the possible surface water storage location distribution. The water storage area is shown in Figure 6 . The surface water accumulation in the Longmen Mountain area can be obtained using a submerged analysis module based on the model of the seed spread algorithm. Then, we must calculate the water head value in these areas. Because most of the seepage occurs in the faults, joints and fractures, the permeability coefficient of surrounding rock and the seepage velocity are relatively high. Therefore, the time of the transient head [25] is not considered here. The values of seepage water head is shown in Table 4 . The following formula can be used to estimate the transient head formed at the surface DEM due to the atmospheric rainfall:
In the formula h -transient head value; q -average precipitation; λ -infiltration coefficient of precipitation; ϕ -porosity of the rock mass.
The water inflow capacity
AӔer the water storage area and the head value are determined, a connected path of the three-dimensional network of the surrounding rock fracture needs to be obtained to analyse the water inrush of the tunnel line. According As shown in Figure 7 , the discrete fracture disk is transformed into a pipe network model in threedimensional space according to the above transformation. Next, this paper considers that water flows only in a fractured channel. The flow calculation is based on Darcy's Law Eq. (2):
In this formula, u is the average flow velocity, J is the hydraulic gradient, and K is the permeability coefficient. For linear flow motion in a parallel smooth crack, the average flow velocity in the crack can be obtained according to the principle of a hydraulic gradient and a viscous force balance.
In this formula, g is acceleration due to gravity, b is the crack width, µ is the dynamic viscosity coefficient of water, J is the hydraulic gradient, and K f is the fracture permeability coefficient. If the hydraulic gradient and the flow rate are nonlinear, the P. Forchheimer Eq. (4) is generally used:
In this formula, a and b are given constants determined by the experiments, and 1.6<m<2. When an approximation is equal to 0, m = 2, the above formula can be changed into:
On the basis of the formula, the method to determine the flow state according to the hydraulic gradient, which is the flow of water in the fracture, is proposed by Ломизе [26] (Table 5) . Through an extensive number of experiments, the critical hydraulic gradient values corresponding to different fracture width b and a relatively coarse degree (for the absolute roughness of the fracture) were obtained (Table 5) .
For the equations above, a given head value is required. In this paper, the initial water head values are given based on a condition in which the water area is obtained using the submerged analysis outlined above. According to the principle of the water flow equilibrium, the flow of each fracture segment to the common intersection point is zero or equal to the change of the flow rate at the intersection. The flow equation of node i can be obtained:
In this formula, is the flow of the j unit flow into or out of the intersection point i, n is the degree of the intersection point i, and Q j is the source (sink) entry of intersection point i. The fracture network formula with n nodes can be transformed into n equations and transformed into a matrix form, as shown in Eq. (7):
In this formula, q 2 , q 3 , . . . , qn) T , and A = (a ij )n×n is the adjacency matrix of graphic model used in depth-first traversal algorithm in Section 3.1. Simultaneously, the integral matrix form of the seepage calculation of the fracture networks is as follows Eq. (8):
Kn hn ln
)︁ . In summary, the procedure used to solve the water head and flow at the intersection between the crack segment and the boundary for each crack section is as follows:
Step 1: Solve A T according to the adjacency matrix formed by the fracture network A;
Step 2: Solve matrix T 1 according to the above formula;
Step 3: Derive the matrix equation aӔer solving A, A T and T 1 ;
Step 4: Insert the first and second boundary conditions into the equation to solve the water head value at the intersection point of the fracture;
Step 5: Calculate the seepage flow according to the head value of the fracture intersection point.
Results and discussion
This algorithm was primarily applied to the Longmen Mountain area where the tunnel is located. The algorithm uses the Monte Carlo method is used to study the threedimensional simulation of discrete fracture network in the tunnel area. And subsequently we introduced the network model, flood analysis and Darcy flow equations to predict water inrush in the study area. The results were then compared with several commonly used methods to predict the tunnel water inrush. The water inflow results are shown in the following tables (Tables 6, 7 and 8) :
Based on the results of the water inflow, we used the above water inflow in the curve (Figure 8 ) and threedimensional effects graphs ( Figure 9, 10 and 11 ). As shown in the figures, the green areas represent a lower possibility of water inrush, whereas the red areas indicate a higher possibility of water inrush. An increase in the depth of the colour indicates that water inrush probability gradually increased.
The simulation results of the algorithm proposed in this paper are in agreed well with the results of the groundwater dynamics simulation and precipitation infiltration method simulation, and the simulation results agreed well with the results of measurement of water inrush in the real tunnel [27] . However, it is still challenging to further improve the errors in some areas. On the whole, the algorithm proposed in this paper solves the tunnel water inrush prediction problem to a certain extent. At the same time, based on the water inrush simulation and the expression of the three-dimensional model, we can intuitively understand the possibility of water inrush along the tunnel, which provides the basic information for tunnel construction guidance and further, more precise prediction. 
Conclusion
This paper primarily based on field survey data and field data sampling of the Longmen Mountain tunnel area and data collection and the application of related algorithms. And then analyse the geological structural characteristics, hydrogeology, joints and fractures and regional geological data of the Longmen Mountain tunnel area, the threedimensional fracture networks was constructed by the Monte Carlo simulation method in the area along the Longmen Mountain tunnel. And the connected path between the fracture networks was obtained through an analysis of the relation of the structural plane and the connectivity analysis of the fracture network generated by the simulation. Based on these results, this paper introduced inundation analysis and a three-dimensional simulation was carried out to the surface water distribution in the area of the Longmen Mountain tunnel. At last, combined with the existing water inrush simulation method, the possibility for water inrush in the Longmen Mountain tunnel length was evaluated comprehensively. The results show that three- dimensional simulation method of discrete fracture proposed in this paper can simulate the fracture distribution along the tunnel accurately. Based on this information, the possibility of the tunnel water inrush analysis mechanism can preliminarily predict the water inrush in the tunnel. The main research contents and conclusions of this paper are as follows: 1) Through the collection of the Longmen Mountain tunnel engineering geological data and the hydrogeological data, the topographic features, formation lithology, regional geological structure and subsurface hydrological characteristics of the study area were studied and analysed. The tunnel area was abundant in rainfall as it has a subtropical humid monsoon climate. The precipitation, landform, vegetation, development of weathering rock fis-sures, and atmospheric precipitation, which is the main source of groundwater, create the conditions for water inrush.
2) Based on joint fracture sampling data and the relevant literature, a Monte Carlo simulation method along with the fracture simulation fissure structural plane was used. Then, the connected path in the fracture network was found through a preliminary screening using bounding boxes. Subsequently, we determined the structural plane relation and constructed the graph theory adjacency matrix model. Finally, we determined the path of the discrete fracture network using the depth traversal algorithm.
3) Through the analysis of the water inflow in a standard tunnel combined with the fracture network communication path, submerging analysis and other methods, the potential for water inrush in the Longmen Mountain tunnel was predicted using the proposed approach, the traditional groundwater dynamics method and the precipitation infiltration method separately. The prediction results were displayed in a three-dimensional framework.
